Abstract. During the main and early recovery phase of a geomagnetic storm on February 18, 1998, the Equator-S ion composition instrument (ESIC) observed spectral features which typically represent the dierences in loss along the drift path in the energy range (5±15 keV/e) where the drift changes from being E´B dominated to being gradient and curvature drift dominated. We compare the expected energy spectra modeled using a Volland-Stern electric ®eld and a Weimer electric ®eld, assuming charge exchange along the drift path, with the observed energy spectra for H + and O + . We ®nd that using the Weimer electric ®eld gives much better agreement with the spectral features, and with the observed losses. Neither model, however, accurately predicts the energies of the observed minima.
Introduction
During geomagnetic storms, the ion energy spectra in the ring current show minima which re¯ect the drift history of the ion population. Over the energy range from 1 to 50 keV/e, the dominant drift changes from the eastward and sunward E´B drift at low energies, to the westward gradient and curvature drifts at higher energies. In the energy range where the two contributions are approximately equal, the drifts are very sensitive to the exact electric and magnetic ®eld con®gurations. The ion spectra observed on the dayside typically contain one or more minima which correspond to the drift paths on which the greatest losses occur, either because they have the longest drift time, or because they drift the closest to the Earth, where losses are greater. Many studies (e.g., Kistler et al., 1989; Fok et al., 1996; Jordanova et al., 1999) have shown qualitative agreement between observed and predicted spectra based on these principles. However, there has been diculty in getting quantitative agreement. The reason for this is most likely that the electric and magnetic ®elds used for modeling the spectra have been simpli®ed.
The most common electric ®eld used for this type of modeling is the Volland-Stern (Volland, 1973; Stern, 1975) electric ®eld. The Volland-Stern ®eld is derived from the potential: where o is the radial distance in the equatorial plane, c is an adjustable shielding parameter, normally taken to be 2, u is the azimuthal angle, measured eastward from midnight, and A gives the magnitude. Maynard and Chen (1975) determined an empirical formula for A as a function of the planetary index Kp, for the c 2 case. This ®eld has the advantage of being analytically very simple, and therefore easy to use in numerical models. However, recent measurements indicate that it may be very far o from the actual electric ®eld, particularly during storm times (Wygant et al., 1998) . A more recent model with a much stronger empirical basis is the Weimer model (Weimer, 1995 (Weimer, , 1996 . This model is based on measurements of the electric potential by the vector electric ®eld instrument on the DE2 spacecraft. The data were sorted into groups by IMF clock angle, IMF magnitude and dipole tilt angle, and then the measurements from each group were used to derive a model in terms of a spherical harmonic expansion. By using the measured IMF parameters, this model can be used to give a time dependent estimate of the electric ®eld. The model gives the potential at low altitudes. This potential must then be mapped up the ®eld line to get the equatorial electric ®eld.
In this work, we show one example of a geomagnetic storm where large¯ux enhancements were observed in the ring current. The energy spectra as observed with the Equator-S ion composition (ESIC) instrument showed the features that result from losses along drift paths. We will use both the Volland-Stern and the Weimer electric ®elds combined with a dipole magnetic ®eld to determine the drift trajectories of ions during a geomagnetic storm. We will then determine the expected energy spectra on the dayside, assuming that charge exchange is the only loss process, and compare the expected energy spectra with those observed.
Instrumentation
The Equator-S satellite is in a highly elliptical orbit, with an apogee of 11.3 Re and a perigee of 500 km. It orbits in the geographic equatorial plane. The initial apogee was at 11:00 LT, and it then precesses toward earlier local times. The data shown here are mainly from the Equator-S ion composition instrument (ESIC). ESIC measures the 3-dimensional distribution functions of the major ion species in the magnetosphere and magnetosheath over the energy per charge range 20±40000 eV/e. It is a combination of a top-hat electrostatic analyzer followed by post-acceleration by 15±18 kV and a timeof-¯ight measurement. It is similar to the CODIF (CIS1) instrument designed for CLUSTER (ReÁ me et al., 1997) and the TEAMS instrument on FAST (MoÈ bius et al., 1998) . It can resolve the major ion species, H + , He ++ , He + and O + . The electrostatic analyzer is divided into two halves, with geometric factors dierent by a factor of 100. Only one half operates at a time, giving a 180°instantaneous ®eld of view divided into eight sectors of 22.5°each. The full 3D distribution is achieved using the spin. The electrostatic analyzer sweeps through the full energy range 16 times per spin, so that the full distribution is obtained in one spin.
An on-board processor collects the event data from the sensor and classi®es each event by mass, energy, and angle. It then bins the data and creates``data products'' which consist of 3-dimensional (3D) distributions, a mass spectrum, and moments of the distribution. In addition products containing the raw count rates from the sensor and a sample of raw data from individual ions, including the time-of-¯ight, position, spin sector, and energy step are also generated to monitor the performance and calibration of the sensor. These 3D distribution products are available for each of the four major species, H + , O + , He ++ , and He + , with either 16 or 32 energy bins, and 88, 24, or 12 angular bins. For the mass spectrum, the mass space from 0 to 70 AMU is divided into 31 bins spaced as the square-root of the mass, with a factor of four discontinuity at 9 AMU. This product allows minor species such as O ++ to be detected, and is also useful for determining the rate of background in the instrument, as will be illustrated. The combination of products obtained at any time and their time resolution depends on the telemetry rate and the expected count rates for the particular species in the measurement region.
During the time period of interest, the satellite was moving from L = 8 to L = 4. At L = 4, the satellite is in the radiation belts. Because this instrument requires a coincidence for a measurement, it is less susceptible to background from penetrating particles than an instrument relying on singles rates. However, when the background rate is high enough, false coincidences are observed. These can appear with equal probability at any time-of-¯ight. Because the real ions occur as peaks in time-of-¯ight for a particular energy, they can be easily distinguished from the background if their count rate is suciently high.
To illustrate the eect of background, Fig. 1a shows mass spectra from the instrument for the top four energy steps of the mass spectrum product. These correspond to energies 15±40 keV/e, 5.8±15 keV/e, 2.2±5.8 keV/e and 1.1±2.2 keV/e. Note that the mass spectrum has much wider energy bands (by a factor of four) than the 3D distribution functions which are used to determine the energy spectra. Because the energy steps are being combined, the mass resolution appears worse than it is. The time period shown is when the spacecraft is at L = 5.75 during an inbound pass on February 18, 1998. The background level is indicated with a solid line. The peaks for H + , He + and O + are clearly visible and distinguishable from background. At the lowest energy, the O + peak is still a factor of four above background. Figure 1b shows the mass spectra for a later time period, when the satellite is at L = 4.25 Re, and has entered the outer radiation belt, where penetrating energetic electrons cause background in the instrument. At high energies, the peaks for the individual ions are still clearly visible. At lower energies, the proton peak is still signi®cantly above background, but the other species are background dominated. Here we will concentrate on observations of H + and O + , the dominant species, limiting the O + data to where it is well above background.
Observations
On February 17±18, 1998, a geomagnetic storm with a minimum Dst of A103 occurred. The top four panels of Fig. 2 show the solar wind proton density, N, and speed, V, the interplanetary magnetic ®eld magnitude, B, and clock angle from the Wind spacecraft. The clock angle is measured from the Z axis in the Y-Z gsm plane. The time scale has been shifted by one hour to allow for features observed at the Wind location to reach the Earth. From hour 12 to hour 28, the IMF had a southward component, rotating 180°from +Y GSM, southward, around to AY GSM. For the next 8 h, the IMF remained in the AY direction with a small Z component, sometimes north, sometimes south. Panels 5 and 6 show the Dst and Kp pro®les, respectively. The magnetosphere clearly responded to the southward IMF with a large drop in Dst and an increase in Kp. The peak of the main phase of the storm occurred at around 00 UT on February 18. Panels 7 and 8 show the L-value and magnetic local time of the Equator-S spacecraft. The portion of the Equator-S orbit of interest is given by the heavy line. During this time, Equator-S was moving inbound from L = 8 to L = 4 in the pre-noon local time sector. This is the optimum sector for observing the drift eects on the energy spectra. At lower L-values the high and low energy distributions are more isotropic, except for the loss cone. In Fig. 5b , the H + distribution at 10 keV is strongly peaked at 90°while the O + is more isotropic.
Modeling
The energy spectra and pitch angle distributions observed can be used to test models of the magnetospheric convection electric ®eld. To do this we start at the spacecraft location, and model the ion bounce averaged drift paths backwards for 24 h or until the ion reaches L = 10. Assuming that charge exchange is the only loss mechanism, we calculate the loss to the distribution function as the ion drifts from the tail to the observation location. Then we assume an initial power law distribution, normalized to the observed spectrum, and calculate the eect that the losses would have on that spectrum. These can then be compared with the observations. We model the bounce averaged drift paths for two ®eld models: a dipole magnetic ®eld combined with the Volland-Stern electric ®eld, and a dipole magnetic ®eld combined with the Weimer electric ®eld. Both electric ®elds are time-dependent. The Volland-Stern model is parametrized by Kp. We use the observed Kp values during the storm to change the magnitude of the electric ®eld as a function of time. Since the Kp is available for 3-h time periods, we linearly interpolate between the dierent Kp levels, which results in a slow time variation. The Weimer electric ®eld is parametrized by the solar wind speed, the IMF direction, and the dipole tilt. We have used values from MFI and SWE instruments on the Wind spacecraft, assuming a travel time of 1-h. In this case the values are updated every 5 min, so the time variation is much faster. Figure 6 shows the drift paths of the ions which are observed at L = 5.75, and 9.57 MLT. The paths are shown for six energies from 35.8 keV down to 3.2 keV. The distance between the symbols indicates 1 hour of drift time. Figure 6a±c is for the Volland-Stern electric ®eld for three dierent pitch angles, and Fig. 6d±f for the Weimer electric ®eld for the same pitch angles. One obvious dierence is that the Volland-Stern drift paths are much more regular. This is due to both the simple analytical form of the ®eld, and the slower time variation. For drifts in the Volland-Stern electric ®eld, the transition region between eastward and westward drifting paths is between 3 and 5 keV. For the Weimer electric ®eld, the transition energy is a little higher, particularly at the smaller pitch angles. At 45°and 10°, + is not shown at L = 4.25 because the low energy range is contaminated by background at this time the transition energy is between 8 and 13 keV. Another dierence is that the eastward drift in the Weimer ®eld is signi®cantly slower than in the Volland-Stern ®eld (compare the 3.2 keV path in all cases). Finally, the westward Volland-Stern drift paths tend to go closer to the Earth than the Weimer paths. For both ®elds, the transition energy is higher at lower pitch angles. This can lead to the``head and shoulders'' type pitch angle Fig. 6a±f . Bounce averaged drift paths for ions which arrive at L = 5.75, 9.57 MLT with 6 dierent energies. The paths were calculated using a dipole magnetic ®eld and either a Volland-Stern electric ®eld (a±c) or a Weimer electric ®eld (d±f). The legend gives the ion energy in keV Figure 7 compares the drift paths at L = 4.25 and MLT = 10.41. The dierence between the transition energies for this L-value and local time is larger: the transition energy in the Volland-Stern electric ®eld is between 3 and 5 keV, for the 89°pitch angle ions, and between 5 and 8 keV at lower pitch angles, while for the Weimer ®eld it is between 8 and 13.6 for 89°and 45°p itch angle, and greater than 13.6 for the ions at 10°. Again, the eastward drift in the Weimer ®eld is slower than for the Volland-Stern ®eld. Figure 8 shows the percent of the distribution function that will remain after the ions have drifted in from L = 10. The percent remaining is shown as a function of energy for the two models and for three dierent pitch angles. We have used the charge exchange cross sections given by Smith and Bewtra (1978) with the neutral hydrogen geocorona model of Rairden et al. (1986) . H + and O + results at L = 5.75 are shown, and H + only at L = 4.25. Using the Volland-Stern electric ®eld gives one deep minimum, which corresponds to the region around the transition energy. Interestingly, the predicted distributions using the Weimer electric ®eld have multiple minima. A broad dip is observed, with its minimum from 3±5 keV (depending on pitch angle). An examination of the drift trajectories in Figs. 6 and 7 shows that this minimum results from the slow eastward drift paths. The Weimer ®eld then produces second and third minima corresponding to the transition energy and above. The highest energy minima result from particular ion energies which make multiple transits around the Earth before reaching the spacecraft location. These types of trajectories would be very sensitive to the time dependence of the ®eld. O + , in general loses less, due to its smaller cross section for charge exchange at these energies. This is consistent with our observation in Fig. 5b that the the O + is more isotropic at 10.7 keV, the energy close to the minimum, than H + , and is also consistent with the smaller minima observed in the spectra in Fig. 4 . Figure 9 shows a comparison of the measured distribution functions as a function of energy for H + and O + with the predicted spectra using the two electric ®elds. The predicted spectra are determined by assuming Fig. 7a±f . Bounce averaged drift paths for ions which arrive at L = 4.25, 10.41 MLT with 6 dierent energies. The paths were calculated using a dipole magnetic ®eld and either a Volland-Stern electric ®eld (a±c) or a Weimer electric ®eld (d±f). The legend gives the ion energy in keV an initial power law spectrum (a straight line in this loglog representation). Power-law spectra were consistently observed by Kistler et al. (1989) on the night-side during storms, over the energy range 1±50 keV. We then apply the losses as shown in Fig. 8 to these spectra. These comparisons should therefore be used to determine how well the model represents the features in the spectra, but not the overall normalization or slope of the spectra. It is also possible that features result from changes in the input spectrum with time, spatial dierences in the spectrum from the dierent tail regions that contribute to the spectra, or from deviations from a power law that were present in the input tail spectrum. These types of eects would not appear in our``model'' spectra.
For both input ®elds, we have compared the omnidirectional energy spectra with the losses calculated for ions with pitch angles of 10°, 45°, and 89°. Using the Volland-Stern electric ®eld gives too large a loss. When the Weimer electric ®eld is used, the magnitude of the losses is much closer to that observed. The smaller O + cross section for charge exchange at these energies leads to less pronounced minima in the spectra, as observed. In addition, the Weimer electric ®eld is better for predicting the complexity of the spectra observed. It predicts a low energy broad minimum, which is observed at about 2 keV, and multiple high energy minima, as are observed. However, the energies of the minima predicted do not quantitatively agree with the observed energies.
As a ®nal test, we have compared the pitch angle distributions observed with those predicted by the model. As noted previously, the head-and-shoulders distributions result from the low pitch angle ions drifting eastward while the high pitch angle ions drift westward. Since our model does not reproduce the energy of this transition quantitatively, it is dicult to do a quantitative pitch angle comparison in this region. Therefore, we have restricted our comparisons to energies slightly away from the predicted and observed minima. Figure 10 compares the observed H + and O + pitch angle distributions at L = 4.5±5.0 with the predicted distributions using the Volland-Stern electric ®eld (solid line) and the Weimer electric ®eld (dotted line) for four energies. To generate our predicted distributions we have assumed an isotropic distribution injected on the nightside. Both models reproduce the observed distributions very well at high energies (28 keV and 13.6 keV) and at low energies (1.2 keV). At 8.4 keV, which is the Fig. 8 . The percent of the distribution that remains, as a function of energy, after the ions have drifted from the tail to the observation location. The top panels assume a convection in a Volland-Stern electric ®eld, and the bottom panels assume convection in a Weimer electric ®eld. Charge exchange with the neutral hydrogen geocorona is the only loss mechanism assumed Fig. 9 . Comparisons of observed spectra and modeled spectra using the Volland-Stern electric ®eld (top panels) and the Weimer electric ®eld (bottom panels) assuming charge exchange is the only loss mechanism. The symbols show the data, and the lines give the model results Fig. 10 . Comparisons of observed and modeled pitch angle distributions using the Volland-Stern electric ®eld (solid line) and the Weimer electric ®eld (dashed line) assuming an initial isotropic distribution and charge exchange as the only loss mechanism closest to the predicted minimum, the Volland-Stern model predicts losses which are too large, resulting in a more highly peaked distribution than is observed. The observed O + distributions at 8.4 keV and to a lesser extent at 1.2 keV increase at pitch angles away from 90°. This is not reproducted by our models, and indicates that the injected O + spectrum on the nightside at these energies was ®eld-aligned, not isotropic.
Conclusions
We have used observations of the ion energy spectra using the Equator-S satellite to test the validity of two models of the storm-time convection electric ®eld. This is the ®rst time that the Weimer model has been tested for its validity in the equatorial plane using drift trajectories. We ®nd that assuming convection in a Volland-Stern electric ®eld with charge exchange as the only loss mechanism results in predicted losses that are larger than observed. This was evident in both the predicted energy spectra and the predicted pitch angle distributions. This is in agreement with the ®ndings of Jordanova et al. (1999) from comparisons with POLAR data. Chen et al. (1998) in comparing simulating pitch angle distributions with CRRES data for higher energy ions (>50 keV/e) found the opposite result. Assuming convection in the Weimer ®eld gives signi®cantly better agreement with the magnitude of the losses observed. From comparisons of the drift paths, this is primarily because the Volland-Stern trajectories in the transition region go much closer to the Earth. The dierences in charge exchange cross sections of H + and O + at these energies is observed in the spectra and pitch angle distributions, and is accurately reproduced by the models, con®rming our assumption that charge exchange is the most signi®cant loss process at these Lvalues and energies. Thus the quantitative dierences more likely lie in the magnetic and electric ®eld models used. The Weimer ®eld accurately reproduces the complex spectra with multiple minima that are observed during this storm. However, it does not quantitatively predict the energies of the minima.
We have shown that using a more realistic electric ®eld signi®cantly improves the agreement with the observed spectra. In future work, we will also include a more realistic magnetic ®eld, both in calculating the trajectories, and in mapping the Weimer electric potential up the ®eld line to test if this will ®nally give quantitative agreement between the model spectra and the observations.
